INTRODUCTION
In our previous research [1, 2, 3] , the performance of a UTRAlike FDD CDMA system was quantified, when supported by adaptive beam-steering and adaptive modulation [4] . In [3] , the system employed OVSF spreading codes [5] , which offer the benefit of perfect orthogonality in an ideal channel. In a non-dispersive channel, all intracell users' signals are perfectly orthogonal. However, upon propagating through a dispersive multipath channel this orthogonality is eroded, hence all other users will interfere with the desired signal. Therefore in practice the intra-cell interference is always non-zero.
In this contribution, we will consider the employment of a specific family of spreading codes, which are known as Loosely Synchronized (LS) codes [6] . These codes exhibit a so-called Interference Free Window (IFW), where the off-peak aperiodic autocorrelation values as well as the aperiodic cross-correlation values become zero, resulting in zero ISI and zero MAI, provided that the delayed asynchronous transmissions arrive within
The financial support of the European Union under the auspices of the SCOUT project is gratefully acknowledged. the IFW. More specifically, interference-free CDMA communications become possible, when the total time offset expressed in terms of the number of chip intervals, which is the sum of the time-offset of the mobiles plus the maximum channel-induced delay spread is within the code's IFW [7] . By employing this specific family of codes, we are capable of reducing the ISI and MAI, since users in the same cell do not interference with each other, as a benefit of the IFW provided by the LS codes used.
The outline of this paper is as follows. Firstly, we briefly focus our attention on the design of LS codes in the next section. Section 3 introduces the system parameters, leading to a discussion on the performance metrics employed in Section 4. The system performance benefits of using LS codes in a pedestrian scenario are quantified in Section 5 and we conclude our discussions in Section 6 .
LOOSELY SYNCHRONIZED CODES
There exists a specific family of LS codes [6] , which exhibits an IFW. Specifically, LS codes exploit the properties of the so-called orthogonal complementary sets [6, 8] . To expound further, let us introduce the notation of LS¢ ¥ § ¦ )-dimensional Walsh-Hadamard matrix to an orthogonal complementary code set of length £ , while inserting© number of zeros in the centre and at the beginning of the LS code, as shown in Figure 1 , using the procedure described in [6] . Then, the total length of the LS¢ Since the construction method of binary LS codes was described in [6] , we will focus our attention on the employment of orthogonal complementary sets [9, 10] for the generation of LS codes. Firstly, we define a sequence set !"###" $ , where
is a spreading sequence having a length of . These spreading codes exhibit an IFW width of . Hence, we may adopt a choice of¥© £ I in order to minimize the total length of the LS codes generated, while providing as long an IFW as possible.
For example, the LS(4,2,3) codes can be generated based on the complementary pair of [9] :
Upon substituting (2) and (3) into (4) and (5), the corresponding mate pair can be obtained as: 
SYSTEM PARAMETERS
New call channel allocation requests were placed in a resource allocation queue for up to 5s. If during this period a call was not serviced, it was classed as blocked. The mobiles moved freely, in random directions, at a speed of 30mph within the simulation area, which consisted of 49 cells. The cell-radius was 86.8 m, which was the maximum affordable cell radius for the IFW duration of i chip intervals at a chip rate of 3.84 Mchip/s. The call duration and inter-call periods were Poisson distributed with the mean values shown in Table 1 . For our initial investigations we have assumed that the basestations and mobiles form a synchronous network.
Furthermore, the post-despreading SINRs required for obtaining the target BERs were determined with the aid of physicallayer simulations using a 4-QAM modulation scheme, in conjunction with 1/2-rate turbo coding for transmission over a COST 207 seven-path Bad Urban channel [11] . Using this turbo-coded transceiver and LS codes having a spreading factor (SF) of 16, the post-despreading SINR required for maintaining the target BER of & 
PERFORMANCE METRICS
There are several performance metrics that can be used for quantifying the performance or quality of service provided by a mobile cellular network. The following performance metrics have been widely used in the literature and were also advocated by Chuang [13] :
New call blocking probability, .
Call dropping or forced termination probability, &
. A call is dropped when the lower of the uplink and down- link SINRs dips consecutively below the outage SINR (1% BER) a given number of times.
Probability of a low quality access,
¦ ¡ ¢
, quantifies the chances of either the uplink or downlink signal quality being sufficiently poor, resulting in a low quality access (0.5% BER).
Probability of outage,
, is defined as the probability that the SINR is below the value at which the call is deemed to be in outage, namely below 4.8 dB, as seen in Table 1 .
Grade-Of-Service (GOS) was defined by Cheng and Chuang [13] as :
Our network performance studies were conducted with aim of maintaining:
1% and GOS 9 4%.
SIMULATION RESULTS
Our current research is building on our previous findings recorded in the context of a UTRA-like FDD system [1] , where we found that invoking adaptive modulation as well as beam-steering proved to be a powerful means of enhancing the capacity of FDD/CDMA. In the investigations of [1] , OVSF codes were used as spreading codes. However, the intracell interference is only eliminated by employing orthorgonal OVSF codes, if the system is perfectly synchronous and provided that the mobile channel does not destroy the OVSF codes' orthogonality.
In an effort to prevent intracell interference, again, in this paper we employ LS codes, which exhibit ideal auto-correlation and cross-correlation functions within the IFW. Thereby, the "near far effect" may be significantly reduced and hence the user capacity of the system can be substantially enhanced. Figure 4 compares the BER performance of OVSF codes and LS codes, which were determined with the aid of physical-layer simulations using a 4-QAM modulation scheme, 1/2-rate turbo coding and a Minimum Mean Squared Error Block Decision Feedback Equaliser (MMSE-BDFE) based Multi-User Detector (MUD) [12] joint detection for transmission over a COST 207 seven-path Bad Urban channel [11] . The figure illustrates that the achievable BER performance of LS codes is better than that of OVSF codes. For a spreading factor of 16, the postdespreading SINR required for maintaining a BER of ) ¦ was 6.2 dB in case of LS codes, which is almost 2 dB lower than that necessitated by the OVSF codes. Figure 4 : BER performance of a UTRA-like system using OVSF codes and LS codes generated with the aid of physicallayer simulations using 4-QAM modulation, 1/2-rate turbo coding and MMSE-BDFE joint detection for transmissions over a COST 207 seven-path Bad Urban channel. Figure 5 shows the call dropping probability associated with a variety of traffic loads measured in terms of the mean normalized carried traffic expressed in Erlangs/km r /MHz when subjected to 0.5 Hz frequency shadowing having a standard deviation of 3 dB. The figure illustrates that the network's performance was significantly improved by using LS codes. In conjunction with OVSF codes, the "No beamforming" scenario suffered from the highest call dropping probability of the six traffic scenarios at a given load. Specifically, the network capacity was limited to 152 users, or to a teletraffic load of ap- ploying four-element adaptive antenna arrays at the base stations the number of users supported by the network increased to 428 users, or almost to 7.23 Erlangs/km r /MHz. However, in conjunction with LS codes, and even without employing antenna arrays at the base stations the network capacity was dramatically increased to 581 users, or 10.10 Erlangs/km r /MHz. When four-element adaptive antenna arrays was employed in LS codes scenario, the system could support 800 users, and equal to a teletraffic load of 13.3916 Erlang/km r /MHz. This is because the LS codes' perfect auto-correlation and crosscorrelation functions essentially eliminated the intracell interference, as it was discussed in Sections 1 and 2. Figure 6: Probability of low quality access versus number of users of the UTRA-like FDD cellular network using LS codes and OVSF codes both with as well as without beamforming in conjunction with shadowing having a frequency of 0.5 and a standard deviation of 3dB for a spreading factor of SF=16.
The probability of low quality access is depicted in Figure 6 . As expected, a given ¡ ¢ £ value was associated with a higher traffic load, when the number of antenna elements was increased. In the case of OVSF codes, it can be seen from the figure that without beamforming the system suffered more interference as the traffic loads increased, the probability of low quality access became higher. In conjunction with beamforming, intra-and inter-interference was reduced sufficiently, the probability of low quality reduced as well. However, increasing the number of antenna elements from two to four results in an increased probability of a low quality outage owing to the sharper antenna directivity. As a benefit of employing LS codes, the intra-interference was eliminated efficiently, the probability of low quality access was found to be lower even without beamforming, than that of the system using OVSF codes and employing 2-or 4-element beamforming. Again, owing to the sharper antenna directivity, the probability of a low quality outage increased while increasing the number of antenna elements from two to four. It should be noted that the probability of low quality access always remained below our 1% constraint in the scenarios studied. Figure 7 shows the achievable Grade-Of Service (GOS) for a range of teletraffic loads. Similar trends were observed regarding the probability of low quality access to those shown in Figure 6 . The grade of service is better (i.e. lower) when the traffic load is low, and vice versa for high traffic loads. This is mainly attributable to the higher call blocking probability of the "No beamforming" scenario, particularly in the region of the highest traffic loads. The mean transmission power versus teletraffic performance is depicted in Figure 8 . Again, as a benefit of employing LS codes, both the required mean uplink and downlink transmission power are lower than that necessitated by OVSF codes. The employment of adaptive antenna arrays can result in the attenuation of the desired signal, this is performed in order 0-7803-7954-3/03/$17.00 ©2003 IEEE. Table 2 : Maximum mean carried traffic and maximum number of mobile users that can be supported by the network, whilst meeting the network quality constraints of Section 4, namely 4%. The carried traffic is expressed in terms of normalized Erlangs (Erlang/km /MHz) using OVSF codes and LS codes in conjunction with shadow fading having a standard deviation of 3 dB and a frequency of 0.5 Hz, whilst employing adaptive modulation techniques [11] for a spreading factor of SF=16. to maximise the received SINR, and thus the levels of interference are attenuated efficiently. Invoking adaptive antenna arrays at the basestation reduced the mean uplink tranmission power required to meet the service quality targets of network. In OVSF codes scenarios, the basestation suffered more interference as the traffic loads increased, especially the intrainterference, which resulted uplink mean transmission power had to be increased to reach the target SINR. However, the LS codes eliminated the intra-interference superiorly, reduced the levels of interference, ultimately leading to the reduction of the mean transmission. A summary of the maximum user capacities of the UTRAlike networks using OVSF codes and LS codes in conjunction with log-normal shadowing having a standard deviation of 3 dB and a frequency of 0.5 Hz, both with and without employing beamforming is given in Table 2 . The teletraffic carried and the mean mobile and base station transmission powers required are also shown in Table 2 .
SUMMARY AND CONCLUSIONS
It was demonstrated that the network performance of UTRAlike system employing LS spreading codes was substantially better than that of the system using OVSF codes. Explicitly, a low dropping probability, low mobile and base station transmission power and high call quality has been maintained. In the context of the interference limited 3G CDMA system LS codes [7] might hold the promise of an increased network capacity without dramatic changes of the 3G standards. Our future research will focus on studying Large Area Synchronised (LAS) codes in conjunction with adaptive antenna arrays [1] and adaptive modulation techniques [4] .
